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Abstract 
CO2 capture and storage (CCS) system is necessary for drastically reduction of CO2 emission. CCS 
should be commercialized to prevent global warming before it is too late, but we have to remember CCS is 
not sustainable energy technology because of the limitation of CO2 storage capacity.
CO2 capture and recycle (CCR) system using green hydrogen and current natural gas supplying system is 
studied in this report. There are several technologies for CO2 capture for distributed CO2 emission sites 
where natural gas is consumed. These technologies show very high efficiency and capturing CO2 will not 
lose too much energy. Green hydrogen is produced from renewable energy such as wind power, and shows 
very small CO2 emission intensity. Producing methane by reaction of captured CO2 and green hydrogen 
can be a very simple process under optimal reaction conditions. The CCR system can be a post CCS 
system, and the system is considered to be sustainable. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
According to the Blue Map scenario of Energy Technology Perspective 2010 (ETP2010) [1] which 
describes the world CO2 emission should be reduced 50% by 2050, fossil fuels will meet almost half of the 
required energy demand in 2050. CO2 capture and storage (CCS) is considered to a very important 
technology for reducing CO2 emission while using substantial fossil fuels even in 2050 because of stable 
supply at reasonable price. The CCS road map in ETP2010 shows that 100 CCS projects are expected to be 
in operation by 2020, 850 projects by 2030, and 3,400 projects by 2050. The total amount of stored CO2 is 
expected to be 9.4Gt by 2050. However, especially in Japan, the sites for CO2 underground storage 
capacity are limited. To make our energy system sustainable, it is important to prepare post CO2 storage 
technologies.
Tokyo Gas is developing a CO2 capture and recycle (CCR) technology as one of the post CO2 storage 
technologies. Figure 1 shows a chain of CCR system using natural gas and CO2 pipeline networks. Green 
hydrogen, which is produced from renewable energy such as wind power, can produce methane if it is 
reacted with CO2 captured and transported from natural gas users. In the CCS system for natural gas users, 
the captured CO2 can be utilized at factories where CO2 is used as industrial material, which serves as 
middle-scale and large-scale CO2 storage sites. The produced methane can be transported and utilized by 
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using the existing infrastructure such as natural gas pipelines, meters, and appliances. Therefore, the CCR 
system can realize a sustainable low carbon energy system without significant additional costs for the 
infrastructure for energy supply and the appliances for energy usage. This paper reports COB2B capturing 
technology at gas user’s sites, production and transportation of green hydrogen, and production of methane 
by captured COB2B using green hydrogen.  
Figure 1. Chain of COB2 Bcapture and recycle (CCR) system. 
2. Capturing CO B2 B  at natural gas user’s sites 
CHP (Combined Heat and Power) system is one of the widely spread high efficient natural gas appliances. 
The technical report “COB2 B Capture from Medium Scale Combustion Installations” [2] published by IEA 
Greenhouse Gas R&D Program published shows the possibility of capturing COB2B form CHPs. Table 1 
shows the performance of gas engine, gas turbine and SOFC (Solid Oxide Fuel Cell) used as CHP with 
CO B2B capture. The performance without CCS is shown inside parenthesises.  
Table 1. Performance of distributed power generators with CCS (without CCS) [2] 
a: Solid Oxide Fuel Cell b: Oxygen Conductive Membrane
LNG
䋨Natural Gas䋩
Onsite H2
Production
CHP (Combined 
heat and power )
Boiler 
& Furnace
CO2 Capture
Large-Scale
CO2 Storage
City Gas Pipe
CO2
Utilization
Middle-Scale
CO2 Storage
Terminal UtilizationFeedstock Transport
Green H2
CO2 Pipe
CO2
CH4
Carbon
Capture and
Recycle
H2 CO2
CH4
Gas engine Gas Turibine SOFC 
a
CO2 caprure
style
post-
combustion
post-
combustion
SOFC
a
+OCM 
b
CO2 caprure
rate
90% 85% 100%
Power output
1.4MW
( 1.5MW )
4.6MW
( 5.1MW )
0.47MW
( 0.50MW )
Electric
efficiency
37%LHV
( 39%LHV )
20%LHV
( 30%LHV )
47%LHV
 ( 50%LHV )
Heat recover
1.9MW
 ( 2.0MW )
13.1MW
( 9.7MW )
0.35MW
( 0.35MW )
Heat recover
efficiency
49%LHV
( 52%LHV )
59%LHV
( 58%LHV )
35%LHV
( 35%LHV )
Total
efficiency
86% 79% 82%
CO2 emission 320 t/y 4,100 t/y 0 t/y
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Tokyo Gas is developing COB2B capturing technology for MCFC (Molten Carbon oxide Fuel Cell) 
combined with gas turbine hybrid system. The electric efficiency of 3MW class MCFC-gas turbine hybrid 
system is 59% LHV and the heat recover efficiency as steam is 7% LHV. If oxygen is supplied to MCFC, 
CO B2B emission from the system can be captured simply by condensing water in the exhaust gas. The COB2 B
emission intensity of this MCFC-gas turbine hybrid system will be 0.35 kg-COB2B/kWh without COB2 Bcapture, 
and will be 0.01 kg-COB2B/kWh with COB2B capture. Supplying oxygen to MCFC consumes generated 
electricity, but the electric efficiency of the system with CO B2 Bcapture will be 52% LHV and is still higher as 
compared with the current gas engine and gas turbine CHPs. Figure 2 shows the simplified system flow of 
CO B2B capturing technology for MCFC- gas turbine hybrid system 
Figure 2. System flow of COB2 B capturing technology for MCFC- gas turbine hybrid 
system.  
Oxy-fuel combustion is also useful for reduction of COB2B emission from industrial furnaces and boilers. 
Tokyo Gas is developing high efficiency furnaces with oxy-fuel combustion and zero-emission by COB2 B
recovery [3]. By supplying mixture of oxygen and recirculated flue gas to an air-fuel burner and controlling 
the concentration of oxygen to be as same as that of in air, the volume of exhaust gas becomes less without 
increasing of NOx emission. Using this technology, we can realize a zero-emission furnace by reduction of 
CO B2B emission by fuel saving and by capturing COB2B from the exhaust gas which includes over 95% 
concentration of COB2B. Figure 3 shows the system flow of this technology, and Figure 4 shows the 
appearance of the experimental furnace. 
                   Figure 3. System flow of oxy-fuel combustion for industrial furnaces. 
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                              Figure 4. Appearance of the experimental furnace 
 Tokyo Gas is also developing a CO2 recovering technology for on-site hydrogen production by natural 
gas steam reforming. This technology will be presented by Dr. Hideto Kurokawa at GHGT-10 session 8A 
membrane [4]. Using this technology, 50% of the CO2 emission from hydrogen production by steam 
reforming is captured with only 3% of the energy efficiency loss. 
3. Production and transportation of green hydrogen 
Tokyo Gas and Shell are studying production and transportation of green hydrogen for transport sector [5]. 
Green hydrogen is assumed to be produced form renewable energies. In the study, a wind power is selected 
for the renewable energy, mainly because of its lower cost compared with other options. The produced 
hydrogen is transported as liquefied hydrogen (LH2) or liquefied organic hydrogen carrier (LOHC). Figure 
5 shows a hydrogen chain proposed in this study which corresponds to production and trans-ocean 
transportation of green hydrogen to Japan. Table 3 shows the assumptions. 
Wind Power 
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LOHC
shipping
JapanTrance ocean
Green H2
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Export 
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terminal
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Figure 5. Hydrogen chain of production and transportation of green hydrogen [5]. 
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Table 3 Assumptions in the study of production and transportation of green hydrogen for 
Japanese transport sector [5] 
Figure 6 shows COB2B emission intensity of conventional hydrogen produced from natural gas inside Japan 
and green hydrogen produced outside Japan and transported into Japan. The COB2 B emission intensity of 
green hydrogen is very small comparing with hydrogen produced by natural gas steam reforming without 
CCS. Because the input energy for producing green hydrogen is only wind, there is no CO B2 Bemission for 
producing green hydrogen. The fuel for LHB2 B shipping is the same green hydrogen stored in the ship and 
there is also no COB2B emission. The fuel for LOHC shipping is diesel and there is COB2B emission for the 
shipment but it is very little. The LOHC requires heat for dehydrogenation and it is important to use CO B2
Bfree heat for the reaction to keep the COB2B emission intensity of green hydrogen transported by LOHC very 
low. 
Figure 6. COB2 B emission intensity of conventional hydrogen produced from natural gas 
inside Japan and green hydrogen produced outside Japan and transported to 
Japan.
The green hydrogen produced by wind power and electrolysis is pure enough to be used as fuel for fuel 
cell vehicles (FCV). Figure 7 shows COB2B emission intensity of H2-FCVs and current vehicles. Using 
hydrogen produced from natural gas without CCS, the CO B2B intensity of HB2B-FCV becomes half of that of 
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gasoline ICE (internal combustion engine) vehicles and it is close to gasoline HEV’s. Using the green 
hydrogen, the CO B2B intensity of HB2B-FCVs is drastically decreased to 1/30 of that of gasoline ICE vehicles.  
Figure 7. COB2 B emission intensities of HB2 B-FCVs and current vehicles. 
When using green hydrogen as the source for production of methane from CO B2B captured at natural gas 
user’s sites, we can develop a near-zero COB2 Bemission energy system based on the current natural gas 
pipeline system. 
4. Production of methane by captured CO B2 B using green hydrogen 
 Methane (CHB4B) can be synthesized by the mathanation reaction from carbon dioxide (COB2B) and hydrogen 
(HB2B) as the following equation  
In the CCR system, the captured and transported COB2B from natural gas user’s sites and the imported green 
HB2B are used to produce CHB4B. Figure 8 shows a block flow diagram of the methanation process. In this 
process the purity of feed HB2 B is 100%, and that of feed COB2B is 99% (1% NB2B is included) respectively.  
Figure 8. Block flow diagram of methanation production process 
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The optimal reaction conditions such as temperature, pressure, and H B2 B/COB2B molar ratio were investigated 
in detail by process simulation studies using Aspen Plus as software. The best conditions for this reaction 
regarding temperature, pressure, and HB2B/COB2B molar ratio are identified to be 300 °C, 2.0-3.0 MPa, and 
HB2B/CO B2B ratio 4.1-4.2, respectively. Under these optimal conditions, the concentration of COB2 B becomes less 
than 1,000 molppm at which good combustion performance can be expected without separating the 
unreacted COB2B, and the concentration of CO in the product becomes less than 1 molppm. The optimal 
conditions minimize the excess hydrogen as well and as a result minimize the capacity of hydrogen 
separator. Figures 9 and 10 show the results of the simulation. This study is performed by assuming that all 
reactions involved reach to the equilibrium points. 
Figure 9. Concentration of COB2 Band HB2 B after the reaction  
Figure 10.   Concentration of CO B Band HB2 B after the reaction
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5. Conclusion
1. Development of highly efficient gas appliances reduces CO2 emission by energy saving. Development of 
CO2 capturing technology for these appliances will contribute to realization of CCS system for 
distributed CO2 emission sites where natural gas is consumed by users. 
2. When a CO2 capture and storage (CCS) system is integrated with renewable energy sources, the energy 
system will become sustainable. The captured CO2, green hydrogen and methane will be the key 
components of the system. 
3. Production process of methane by captured CO2 using green hydrogen can be very simple introducing 
optimal reaction conditions. The best conditions estimated in this report regarding temperature, pressure, 
and H2/CO2 molar ratio are found to be 300 °C, 2.0-3.0 MPa, and H2/CO2 ratio 4.1-4.2, respectively. 
4. The synthesized methane can be used in the same manner as natural gas. The CO2 capture and recycle 
(CCR) system using the green hydrogen and the current natural gas supplying system will be a near-zero 
CO2 emission energy system. This system will serve as a potential post CCS system. 
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